The present study investigated the effects of a standardized methanol extract of E. longifolia Jack containing the major quassinoid constituents of 13α(21)-epoxyeurycomanone (1), eurycomanone (2), 13α,21-dihydroeurycomanone (3) and eurycomanol (4) on the epididymal spermatozoa profile of normal and Andrographis paniculata induced infertile rats. The standardized MeOH extract at doses of 50, 100 and 200 mg/kg, the EtOAc fraction (70 mg/kg), and standardized MeOH extract at 200 mg/kg co-administered with the EtOAc fraction of A. paniculata at 70 mg/kg were each given orally to male Sprague-Dawley albino rats for 48 consecutive days. The spermatozoa count, morphology, motility, plasma testosterone level and Leydig cell count of the animals were statistically analyzed by ANOVA with a post-hoc Tukey HSD test. The results showed that the sperm count of rats given the standardized MeOH extract alone at doses of 50, 100 and 200 mg/kg were increased by 78.9, 94.3 and 99.2 %, respectively when compared with that of control (p < 0.01). The low count, poor motility and abnormal morphology of the spermatozoa induced by the A. paniculata fraction were significantly reversed by the standardized MeOH extract of E. longifolia (p < 0.001). The plasma testosterone level of the rats treated with the standardized MeOH extract at 200 mg/kg was significantly increased (p < 0.01) when compared with that of the control and infertile animals. The spermatocytes in the seminiferous tubules and the Leydig cells appeared normal. Testosterone level was significantly higher in the testes (p < 0.01) than in the plasma after 30 days of oral treatment with the standardized MeOH extract. Interestingly, eurycomanone (2) alone was detected in the rat testis homogenates by HPLC-UV and confirmed by LC/MS, and may have contributed towards the improvement of sperm quality. Thus, the plant may potentially be suitable for the management of male infertility.
In 2003, the World Health Organization reported that over 186 million couples in developed countries (excluding China) suffered from infertility [1] . About 40 % of the problem originated from men [2] , and over 90 % of male infertility was associated with either low sperm count or poor sperm quality, known as oligozoospermia [3] . Researchers believed that lifestyle, seasonal changes, diet, increasingly sedentary working habits, placing laptop computer on the lap, tight jeans and long hours of driving were environmental factors that have contributed to low sperm count production [4] . The incidence of male infertility due to oligozoospermia has introduced a number of direct and faster treatment options, such as in vitro fertilization (IVF) followed by intrafallopian transfer, intracytoplasmic sperm injection (ICSI), surgical and hormone therapy. These options are not only costly but have attributed to socio-economic problems due to possible multiple births [5] . Thus, it may be a worthwhile effort to investigate a plantbased treatment as one of the alternative approaches to restore male fertility [6] .
Eurycoma longifolia Jack, popularly known as 'Tongkat Ali' in Malaysia, 'Pasak Bumi' in Indonesia and 'Cay ba binh' in Vietnam [7] is a small tree belonging to the Simaroubaceae family. The roots have been used in folk medicine for fever, as a tonic after birth, for healing of boils, wound ulcer, syphilis and bleeding gums [8] . Several classes of chemical constituents comprising quassinoids, alkaloids, tirucallane-type triterpenes, squalene derivatives and biphenylneolignans have been isolated from the roots and shown to have cytotoxic, antipyretic and antimalarial properties [9] [10] [11] [12] . Noor et al. revealed that the water extract of E. longifolia not only increased male sexual behavior but also increased the sperm quality of male rats [13] . From another study, the crude organic extract of the plant was reported to possess aphrodisiac properties and increased sperm count of rats [14] . From observations, the water extract and/or the crude organic extract of E. longifolia may contain certain chemical constituents responsible for the improvement of male sexual behavior and fertility. The present study investigated the effect of daily oral administration for 48 days of a standardized MeOH extract of E. longifolia on the sperm quality of normal and hypospermatogenic rats induced by Andrographis paniculata Nees, an antifertility plant previously reported by Akbarsha and Murugaian [15] .
E. longifolia roots were extracted repeatedly with fresh MeOH and the dried extract, on solvent evaporation, was subsequently analysed by HPLC. The chromatograms measured at 210 and 238 nm revealed that the MeOH extract contained 13α(21)-epoxyeurycomanone (1) at 1.3% (w/w), eurycomanone (2), the major quassinoid, at 2.9%, 13α,21-dihydroeurycomanone (3) at 0.3% (w/w), and eurycomanol (4) at 2.4% (w/w). Their structures are shown in Figure 1 .
Our unpublished bioavailability study of the standardized MeOH extract in rats showed that only 1 [16] and 2 [17] were orally absorbed, but were low in bioavailability. Eurycomanol (4), being the most polar of the major quassinoids described, was not detected in the rat plasma and the concentration of 3 was too low to be detected. Interestingly, upon chronic ingestion of the standardized methanol extract for 48 days, the HPLC chromatogram showed that eurycomanone (2) alone was detected in the testis homogenate of the treated animals, and its presence was confirmed by its pseudomolecular ions at m/z 391 [M-H 2 O+H] + and 431 [M+Na] + in the LC/MS of the testis homogenate.
A single dose of the standardized MeOH extract may not be enough to activate cell proliferation. The elevated sperm quality of the male rats resulted from daily oral dosing of normal rats with E. longifolia standardized MeOH extract for 48 days. Repeated daily doses of 50, 100 and 200 mg/kg have stimulated the proliferation of the spermatogenesis activity in the seminiferous tubules and led to an increase in the sperm count and motility. Histology of the testicular tissues positively correlated with the rat hyperspermatogenesis activity caused by the E. longifolia methanol extract, as evidenced by the increase in sperm count, percentage normality of sperm morphology and motility ( Figure 2 ). In fact, repeated daily administration of the standardized methanol extract was required to regulate and maintain spermatogenesis, which required several weeks to reach maturation in the seminiferous tubules [18] . Interestingly, the inhibition of spermatogonia by the ethyl acetate extract of A. paniculata was reversed by the methanol extract of E. longifolia at 200 mg/kg.
In order to sustain a normal sexual function, testosterone is required for the physiological process of spermatogenesis [19] . The significantly raised level of plasma testosterone of the male rats when given 200 mg/kg of E. longifolia standardized methanol extract alone and when co-administered with the ethyl acetate fraction of A. paniculata (Table  1) , together with the detection of eurycomanone (2) in the testis, may suggest that the quassinoid has passed through the blood-testis barrier and acted on the Leydig cells to initiate testosterone production. The resultant testosterone may subsequently bind to the androgen binding protein (ABP) produced by Sertoli cells and then initiate the development of spermatozoa from the spermatogonial germ cells in the seminiferous tubules [20] . This process may subsequently increase the sperm count in the epididymis. The elevated testosterone produced in the testis homogenate reported from another study [21] further provided evidence that 2 was involved in steroidogenesis and was non-toxic as the number of healthy Leydig cells of the animals treated with the standardized methanol extract of E. longifolia was Eurycoma longifolia on sperm quality Natural Product Communications Vol. 4 (10) 2009 1333 not significantly different from that of the control (Table 1) , despite reported cytotoxicity of 2 on some human cancer cells in vitro [11, 12] . Furthermore, our unpublished chronic toxicity studies of the standardized extract in rats treated orally for 6 months and rabbits for 9 months showed no adverse changes in blood biochemistry and histology of the vital organs from the treated and non-treated animals.
Thus, eurycomanone (2) in the standardized MeOH extract of E. longifolia may play an active role in steroidogenesis and spermatogenesis, leading to an increase in the production of testosterone in the testis and enhancement of germ cell proliferation, which in turn has increased spermatozoa production [22] . Further investigation of the quassinoid mechanistic action and toxicity is ongoing. In conclusion, the oral administration of the standardized MeOH extract of E. longifolia containing a major amount of eurycomanone to male rats produced a significant increase in sperm quality and testosterone level, which may be potentially useful for the improvement of male infertility. Autopsy and histological study: All animals in control and treated groups were sacrificed under light ether anesthesia after 24 h of the last treatment. Blood was collected from the sacrificed animals by cardiac puncture. Testes and epididymis of the animals were removed by orchidectomy, as described by Remie [24] , fixed in 10 % formal saline and processed using an automated tissue processor (Leica TP1010, Germany) prior to embedding in paraffin. Embedded tissue was sectioned at 3 μm thickness and stained with Harris haematoxylin and eosin. Stained slides were examined under the microscope after mounting. The total Leydig cells in the testes were determined as described by Ewing et al. [25] . Briefly, the total numbers of Leydig cells per testis were obtained by multiplying numerical density of Leydig cells (N v ) with the volume of the testis. Numerical density of Leydig cells (N v ) was obtained from the equation: Nv = N A /(D+T-2h), whereby N A is the number of Leydig cell's nuclei contained in 1 mm 2 of a unit area of section; D is the average diameter of the Leydig cell's nucleus; T is the section thickness and h is the height of the recognizable section that is assumed to be 0.1 × the nucleus diameter.
Sperm analysis: Cauda epididymal semen fluid was collected by the diffusion method with Dulbecco's phosphate buffer saline, as described [24] . Sperm count and its morphological assessment were performed using a Neubauer haemacytometer and then calculated following the WHO Laboratory Manual [26] . The sperm motility study was performed by the hanging drop method [15] . Cauda epididymal sperm count was expressed as million/mL/g after correction for the testicular weight.
Detection of chemical constituent in the rat's testes:
The testes were kept in Dulbecco's phosphate buffer saline and subsequently homogenized. An aliquot of the homogenized testes was initially centrifuged at 4000 rpm for 5 min to remove the protein particles. The clear supernatant layer was collected for testosterone determination and then subjected to HPLC and LC/MS analysis.
HPLC-UV and LC-MS system:
The analysis of the extract by HPLC was performed as previously described [7] , with slight modification. Briefly, the extract was dissolved in MeOH and subsequently diluted with mobile phase comprising acetonitrile and distilled water. (Agilent Technologies, Palo Alto, California, USA). Electrospray ionization (ESI) was operated in the positive ion mode with a scan range of 50-700 m/z. The drying temperature was set at 350°C, the flow of drying gas was 8.0 L/min, spray voltage was 2.5 kV and the capillary voltage was at 110.6 V. The column used was Inertsil ODS-3, 2.1 mm × 50 mm, 3 μm particle size (GL Sciences Inc., Tokyo, Japan) and equipped with an ODS-3, 7 μm particle size, 1.5 mm × 10 mm cartridge guard column (GL Sciences Inc., Tokyo, Japan). The mobile solvent consisted of 9 % (v/v) acetonitrile in deionized water with 0.1 % acetic acid. The injection volume was 5 μL and the flow rate was maintained at 0.3 mL/min.
Determination of testosterone:
The testosterone level of rat plasma was measured using a Roche Elecsys ® 1010 and an electro-chemiluminescence (ECL) immuno-assay analyzer (Roche Diagnostic GmbH, Mannheim, Germany) following the method previously described [27] . The sensitivity of the assay was 0.02 ng/mL and the maximum of the master curve ranged up to 15.00 ng/mL (Elecsys ® Testosterone Product Info, 2001) [28] .
Statistical analysis:
Data reported are presented as mean ± S.E. and analyzed using one-way analysis of variance (ANOVA) with a post-hoc multiple comparison Tukey's HSD test. Values of p < 0.05 were considered statistically significant.
